There are conflicting reports on the effect of acid-base imbalance on the intracellular-extracellular distribution of potassium. The in vitro studies of Fenn and Cobb (1), and studies in dogs by Abrams, Lewis, and Bellet (2), Keating and his co-workers (3), and Pitts (4) suggest that metabolic acidosis results in a shift of potassium from the cells to the extracellular space, while metabolic alkalosis may lead to inward movement of potassium. In apparent contradiction, muscle analyses from Darrow's laboratory (5-8) demonstrate that muscle potassium is low in metabolic alkalosis and normal or slightly high in metabolic and respiratory acidosis. The findings of Darrow have been confirmed in metabolic alkalosis and acidosis by Cotlove, Holliday, Schwartz, and Wallace (9) and have led to the assumption that acidosis causes potassium to enter the cells and alkalosis causes potassium to leave the cells. These conflicting views may be due to a failure to separate the effect of acid-base imbalance on internal distribution of potassium from its effect on changes in total body potassium. This study attempts to separate these two effects by using inhalation of CO2 to alter pH in dogs with ligated ureters and in dogs with intact ureters. This technique has the advantage of maintaining the total body potassium at a nearly constant level and at the same time altering the pH without inducing volume changes in the extracellular space as a result of infusions of acidifying and alkalinizing salts.
There are conflicting reports on the effect of acid-base imbalance on the intracellular-extracellular distribution of potassium. The in vitro studies of Fenn and Cobb (1) , and studies in dogs by Abrams, Lewis, and Bellet (2), Keating and his co-workers (3), and Pitts (4) suggest that metabolic acidosis results in a shift of potassium from the cells to the extracellular space, while metabolic alkalosis may lead to inward movement of potassium. In apparent contradiction, muscle analyses from Darrow's laboratory (5) (6) (7) (8) demonstrate that muscle potassium is low in metabolic alkalosis and normal or slightly high in metabolic and respiratory acidosis. The findings of Darrow have been confirmed in metabolic alkalosis and acidosis by Cotlove, Holliday, Schwartz, and Wallace (9) and have led to the assumption that acidosis causes potassium to enter the cells and alkalosis causes potassium to leave the cells. These conflicting views may be due to a failure to separate the effect of acid-base imbalance on internal distribution of potassium from its effect on changes in total body potassium. This study attempts to separate these two effects by using inhalation of CO2 to alter pH in dogs with ligated ureters and in dogs with intact ureters. This technique has the advantage of maintaining the total body potassium at a nearly constant level and at the same time altering the pH without inducing volume changes in the extracellular space as a result of infusions of acidifying and alkalinizing salts.
Respiratory acidosis resulted in a progressive rise over a four-hour period in the concentration of potassium in the extracellular space. This alteration in concentration ratio of potassium between the extracellular space and the cells persisted as long as the alteration in pH persisted. 1 Supported by grants from Abbott Laboratories, North Chicago, Illinois, Washington State Fund for Biology and Medicine, and Washington State Heart Association.
MATERIAL AND METHODS
All experiments were performed on mongrel dogs lightly anesthetized with Nembutal@9. Respiratory acidosis was induced by inhalation of 30 per cent CO2 and 70 per cent 02 through a tight-fitting intratracheal catheter. Ventilation was well maintained and arterial oxygen unsaturation did not occur. Serial blood specimens were taken at frequent intervals with blood replacement.
Respiratory acidosis was studied in ten dogs while ten additional anesthetized dogs served as controls. Five dogs from each group underwent bilateral ureteral ligation immediately prior to the experimental period. Experiments in dogs with respiratory acidosis and in control dogs lasted ten hours when the ureters were ligated and six hours when the ureters were intact. Changes in electrolyte balances and in plasma electrolyte levels were followed for the duration of the experiments. Accurate urine collections were insured by washing the bladder with water and air.
Distribution of an intravenous potassium load was studied in ten additional dogs with intact ureters. Five control dogs and five dogs breathing 30 per cent CO, and 70 per cent 02 received the potassium load. Respiratory acidosis was induced immediately prior to the beginning of the infusion, which was administered with a constant rate infusion pump using a solution which contained 400 mEq. per L. KCl and 100 mEq. per L. KHCO,. This composition was selected to minimize any alteration of acid-base balance which might result from the infusion. In these experiments loading continued until the electrocardiogram demonstrated potassium intoxication as evidenced by the disappearance of P waves or widening of the QRS complex. The infusion was then slowed until a near steady state was achieved at the toxic level. This level was maintained for one hour or more. The infusion was then stopped. The final specimens were obtained about one-half hour after the infusion was stopped and the balance period terminated at this point.
In all experiments loss of water due to increased respiratory activity of the dogs breathing 30 per cent CO2 and 70 per cent 02 was minimized by running the gas through a porous filtercandle which was immersed in water. Differences in muscular activity due to increased respiratory effort of the acidotic dogs were minimized by keeping the control dogs so lightly an- 
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In the one dog (No. 10) in which the plasma potassium level was followed after the termination of acidosis, the level fell from 6.8 mEq. per L. to 4.8 mEq. per L. in eight hours. This fall amount of chloride infused, the changes in the must represent a re-entry of potassium into the chloride space were small, similar in both concells since ureteral ligation prevented urinary loss trol and acidotic dogs and therefore did not conand there were no observed gastro-intestinal losses. tribute to the differences observed in the distribution of retained potassium. The mean values relDistribution of a potassium load in dogs with corded in the last column of Table V external potassium load which elevated the plasma potassium to toxic levels. Since the longer loading period and slightly higher serum levels in the acidotic dogs would favor movement of potassium into the cells of the acidotic dogs, the differences observed are even more significant.
DISCUSSION
The confusion regarding the effect of acid-base imbalance on the internal distribution of potassium may be due to the fact that large changes in total body potassium have in the past obscured alterations in internal distribution of potassium. The above experiments with respiratory acidosis, in which changes in total body potassium were minimized, clearly demonstrate an increase in the concentration of potassium in the extracellular space of acidotic dogs. Regardless of the source of this potassium, the concentration ratio between the extracellular space and the cells (K)E/(K)I, was increased and the increase was maintained as long as the pH remained altered. The fact that infused potassium markedly elevated the serum level of acidotic dogs without causing transfer of potassium into the cells further supports the conclusion that acidosis raises (K)E/(K)I.
That (K)E/ (K)1 is elevated in acidosis was first suggested by the observations of Fenn and Cobb in 1934 (1). Studying isolated frog muscle they noted that when the external media was acid, a higher than normal potassium level was required in the media to prevent potassium loss from muscle. Abrams (4) permit the conclusion that the increase in (K)E/(K)I was related to pH change rather than to alteration in bicarbonate or pCO2. If acidosis raises (K) E/(K)I then alkalosis may decrease the ratio. Fenn and Cobb (1) studying isolated frog muscle noted that when pH of the external media was elevated, a lower than normal potassium concentration still prevented potassium loss from the muscle. Keating and his co-workers (3) demonstrated that when sodium bicarbonate was infused into nephrectomized dogs there was a fall of about 1 mEq. per L. in the serum potassium level. The extracellular potassium content increased about 1 mEq. due to expansion of the extracellular space. Pitts (4) reported a typical experiment involving the infusion of sodium bicarbonate into a nephrectomized dog. He noted a decrease of 1.6 mEq. per L. in serum potassium level and a decrease of about 15 per cent in the potassium content of the extracellular space despite a marked increase in the volume of this space. Studies by Stanbury and Thomson (13) of acute respiratory alkalosis in humans demonstrated both a fall in serum potassium level and an increase in urinary excretion of potassium. Although the increase in potassium excretion may have accounted for the fall in the serum level, thefact that potassium did not shift from the cells to sustain the serum level suggests that the respiratory alkalosis may have lowered (K) E/(K)I to prevent this shift. Respiratory alkalosis (pH 7.8) was studied in this laboratory using dogs with ligated ureters. Respiratory alkalosis invariably caused a fall in the serum potassium to levels as low as 2.6 mEq. per L. The average decrease in the serum potassium level was 2.2 mEq. per L. below control levels, and was sustained as long as the pH remained elevated (14) .
The data in this paper when considered in con--junction with the earlier work on metabolic acidosis and metabolic and respiratory alkalosis.
permit the formulation of a hypothesis: acidosis. increases and alkalosis decreases the potassium concentration ratio between the extracellular space and the cells. Expressed in another way: (K)E/ (K)I varies inversely with pH of plasma. In citing the above references on alkalosis in support of this hypothesis it is important to distin-guish changes in extracellular potassium concentration from changes in extracellular potassium content. For example, in the experiments of Keating and his co-workers (3) potassium content in the extracellular space actually increased slightly due to expansion of the space when sodium bicarbonate was infused to produce alkalosis. However, the falling serum level halved (K)EF,(K)I. Acidifying infusion of NaCl, on the other hand, while causing equal expansion of the extracellular space resulted in a rise in the serum potassium level which doubled this ratio.
Muscle analyses in humans by Mudge and Vislocky (15) suggest that alterations in the potassium concentration ratio induced by acid-base disorders also exist in states of chronic potassium depletion. Tables IA and IB When the apparently conflicting data on muscle analyses from Darrow's laboratory (5, 6, 8) are reviewed in the light of the above discussion it is apparent, as the authors point out, that their finding of a low potassium level in muscle of rats with chronic metabolic alkalosis is the result of increased renal loss of potassium. This renal response has been confirmed in dogs by Franglen, McGarry, and Spencer (16) . However, these muscle analysis experiments, including the study of chronic respiratory acidosis (7) cannot be used to support the concept that raising the extracellular pH causes an internal redistribution of potassium toward the extracellular space for the following reasons: First, a large change in total body potassium must have taken place in order to have measurable changes in muscle potassium. Second, calculation of (K) E/(K)I for these experiments cannot be evaluated because the authors point out that serum potassium levels in rats anesthetized with ether are unreliable (6) . Third, the experiments were such that at the time plasma and muscle measurements were made the pH levels were near normal.
Calculation of the ratio (K)E/(K)I can be made from the data obtained in rats studied by Cotlove, Holliday, Schwartz, and Wallace (9) . Although the pH alterations in acidosis and alkalosis, group II and III, were small acidosis increased and alkalosis decreased (K)E/(K)I. Group IV with potassium deficiency alone did not have the expected lowering (K)E/(K)I. Group V with potassium deficiency and acidosis had the same serum potassium level as alkalotic group III but a much lower muscle level. The studies of Cotlove with the exception of group IV, which the author emphasized was a non-homogenous group, are consistent with our hypothesis. Discussion of the mechanisms by which pH change alters (K)E/(K)I must be largely speculative. Fenn and Cobb (1) originally postulated a simple buffering mechanism between the cells and the extracellular space. They likened the potassium transfers to the chloride shift that takes place in the red blood cell with variations in pH.
Since anions do not freely cross membranes of tissue cells, potassium and hydrogen shift during intracellular buffering instead of chloride and bi-carbonate. Intracellular buffering may be the chief mechanism responsible for altering (K)E/ (K)I when the pH changes because acidosis and alkalosis alter the ratio in the opposite direction.
MacKay (17) The possibility that acidosis may produce hyperkalemia through change in the partition of sodium must also be considered. A partial interference with the metabolic reactions supplying energy to the "sodium pump" might result in a shift of sodium into the cells and an outward shift of potassium during several hours of acute respiratory acidosis. The rising plasma sodium level in the acidotic dogs with ligated ureters suggests that, if anything, sodium entered the extracellular space. However, careful measurements of changes in the volume of the extracellular space are needed to determine the direction of the sodium transfer.
The rise in hematocrit values of acidotic dogs was largely complete within ten minutes and appears to be significant. It can be explained only in small part by the swelling of cells known to occur as part of the chloride shift. The other factors involved in this change in hematocrit await further investigation.
Even in the presence of intact kidneys ( Figure  IB ) respiratory acidosis increased (K)E/(K)I.
The data of Mudge and Vislocky (15) and of Cotlove, Holliday, Schwartz, and Wallace (9) demonstrate that in both alkalosis and acidosis the alterations in (K) E/(K)I persist as long as the pH remains altered. These observations suggest that acidosis decreases and alkalosis increases renal potassium clearance. This is certainly true in alkalosis where concomitant increase in potassium excretion occurs. 6 The increase in the renal clearance of potassium in alkalosis may be explained by applying our hypothesis to the postulates of Berliner concerning potassium excretion. If, as Berliner, Kennedy, and Orloff propose (18) , potassium excretion is a function of the concentration of potassium in the renal tubular cell, then alkalosis would. be expected to increase renal potassium clearance by moving potassium into the renal tubule cell just as it may move it into all other cells.
The increased renal clearance of potassium in alkalosis explains the apparent paradox between our hypothesis and Darrow's observations. The fact that the muscle potassium becomes low in chronic alkalosis seems to conflict with the hypothesis that (K)E/ (K)1 is lowered in alkalosis. However, the hypothesis defines a concentration ratio and does not preclude a concomitant decrease in total body potassium as a function of increased renal excretion. Hence, alkalosis leads to a decrease in the ratio (K)E/(K)I as a result of movement of potassium into the cells, and a further small decrease in serum potassium induced by the kidneys in order that potassium be transported via the extracellular space from muscle to urine.
The fact that acid-base imbalance changes the serum potassium level by altering (K)E/ (K)r may prove to be of clinical importance. It has been pointed out that often the correlation is not good between the serum level and the total body potassium (19) . This lack of correlation might be obviated in part if consideration were given to the increased (K) E/(K)I in acidosis and the decreased (K)E/ (K)I in alkalosis. Thus hypokalemia in a patient with acidosis might indicate more severe potassium depletion than a similar degree of hypokalemia in a patient with alkalosis. This seems to be true in our limited experience and would be inferred from the studies of Mudge and Vislocky discussed above. That acute re-spiratory acidosis may lead to fatal hyperkalemia under certain circumstances is a question of clinical importance. Observations on this subject have been reported (20, 21) .
SUMMARY AND CONCLUSION 1. Acute respiratory acidosis in dogs causes hyperkalemia as a result of movement of potassium out of the cells.
2. When potassium is infused into dogs with respiratory acidosis virtually none of the administered potassium enters the cells. Similar infusions in normal dogs cause large transfers of potassium into the cells.
3. Accumulated evidence permits the formulation of the hypothesis that the internal equilibrium of potassium is in part a function of pH. Acidosis increases and alkalosis decreases the extracellular-intracellular concentration ratio of potassium. The altered ratio persists as long as the pH remains altered.
4. This hypothesis may be useful clinically in permitting better interpretation of the serum potassium level so that it more accurately reflects the potassium-needs of the patient.
